INTRODUCTION {#sec1-1}
============

In 1941, Huggins and Hodges demonstrated the clinical efficacy of hormonal manipulation for the treatment of patients with metastatic prostate cancer.[@ref1] In their initial study, published in the first issue of *Cancer Research*,[@ref1] a serum biomarker named prostatic acid phosphatase (PAP) was used to assess the therapeutic response and track disease progression. Today, androgen deprivation therapy (ADT) involving surgical or chemical castrations is the standard of care for patients with advanced prostate cancer, and serum levels of prostate-specific antigen (PSA) are widely used as indicators of treatment response and disease progression. In men with metastatic prostate cancer treated with ADT, progression to castration-resistant prostate cancer (CRPC) almost always occurs after a variable period of clinical response,[@ref2] although notable exceptions have been reported in the literature indicating that ADT may lead to complete remission and long-term survival (\>10 years) in a small subset of metastatic prostate cancer patients.[@ref3] Similarly, although serum PSA as a biomarker plays an important role in the assessment of therapeutic response and disease progression following ADT, it has very limited prognostic and predictive utility in men with metastatic prostate cancer and is not a marker of resistance to ADT.[@ref4][@ref5]

Mainly driven by compelling evidence supporting the importance of sustained androgen receptor (AR) signaling in CRPC, new AR-targeting therapies have been developed to treat mCRPC patients. It is an established concept that AR signaling remains a key driver of mCRPC.[@ref6][@ref7] Under castrate levels of circulating androgens, AR signaling is primarily sustained by non-gonadal androgens as well as overexpression of the AR protein. This conceptual framework was corroborated by findings from early genome-wide studies[@ref8] and has directly contributed to the successful clinical development of CRPC therapies designed to further suppress ligand synthesis (abiraterone)[@ref9][@ref10] or block the AR in the setting of AR overexpression (enzalutamide).[@ref11][@ref12] Abiraterone and enzalutamide have been approved by the FDA to treat metastatic CRPC (mCRPC) on the basis of survival benefit, with or without prior treatment with chemotherapy.[@ref9][@ref10][@ref11][@ref12]

Abiraterone is a selective CYP17A1 inhibitor that effectively ablates both circulating (including adrenal-derived) and intra-tumor androgen levels.[@ref13][@ref14][@ref15] Enzalutamide is an AR antagonist that potently suppresses AR signaling due to its high-affinity binding to ARs.[@ref16][@ref17] These two drugs have expanded the management options for patients with mCRPC and improved the disease outcome;[@ref18][@ref19] indeed, they have rapidly changed the clinical landscape of prostate cancer treatment. Multiple ongoing clinical trials are likely to lead to broader indications for their use earlier in disease chronology.[@ref20] However, a significant subset of CRPC patients demonstrate primary resistance to the two agents, and nearly all treated patients eventually develop acquired resistance during the course of therapy.[@ref9][@ref10][@ref11][@ref12][@ref16][@ref21] Although there is a clear clinical benefit of knowing whether the patient is resistant before therapy is given, no biomarker is currently available to indicate primary or acquired resistance for treatment selection.

It is now clear that the majority of patients who develop resistance to abiraterone and enzalutamide progress with rising PSA levels, suggesting a return of AR signaling despite these potent inhibitors of AR signaling.[@ref22] Activation of aberrant AR function may drive drug resistance. One candidate AR aberration is AR splice variants (AR-Vs). AR-Vs are truncated AR molecules lacking the ligand-binding domain (LBD), the intended target of all existing AR-directed therapies including abiraterone and enzalutamide, yet retains the N-terminal domain and DND-binding domain that are necessary for AR function. AR-Vs may mediate constitutively active AR signaling in the absence of ligands or in the presence of enzalutamide.[@ref20][@ref22][@ref23] Although many AR-Vs have been discovered and characterized, the clinical relevance for the vast majority of them remain unclear. AR-V7, the most frequently and abundantly expressed AR-V in mCRPC, has been more extensively investigated. In this review, we will discuss the pertinent literature supporting AR-V7 as a treatment selection marker in the setting of mCRPC patients treated with abiraterone and enzalutamide.

AR-V7 STRUCTURE {#sec1-2}
===============

Previous studies published by members of our research team and collaborators have documented the discovery, characterization, and clinical relevance of a number of AR-Vs.[@ref16][@ref20][@ref22][@ref24][@ref25][@ref26][@ref27][@ref28][@ref29] On the basis of these findings, AR-V7 was identified as one of the most important AR splice variants due to its relative expression frequency and abundance, transcriptional activity, and the presence of a corresponding protein product that can be detected in mCRPC. **[Figure 1](#F1){ref-type="fig"}** (adapted from **[Figure 1](#F1){ref-type="fig"}** in reference 20) illustrates the key structural differences between the full-length AR and AR-V7. The human AR gene has eight canonical exons, color-coded in relation to the AR protein domains they encode, including the N-terminal domain (NTD) (cyan), DNA-binding domain (DBD) (yellow), the hinge region (green), and the ligand-binding domain (LBD) (purple). AR-V7 mRNA retains the first three canonical exons, followed by variant-specific cryptic exon 3 (CE3) within intron 3 (**[Figure 1](#F1){ref-type="fig"}**). Splicing of CE3 results in a LBD-truncated AR-V7 protein due to premature translation termination after 16 variant-specific amino acids. These structural differences between the full-length AR transcript (AR-FL) and AR-V7 (**[Figure 1](#F1){ref-type="fig"}**) allow for the specific detection of AR-FL and AR-V7. For specific detection of AR-FL and AR-V7 mRNA, RT-PCR can be performed using primer sets spanning specific splice junctions. For specific detection of AR-FL and AR-V7 protein, we have made an antibody recognizing peptide sequences specific to AR-V7 (**[Figure 1](#F1){ref-type="fig"}**).

![Transcript structures for the full-length AR and the splice variant AR-V7. Peptide positions are marked according to GRCh36/hg18 human genome sequences (not drawn to scale). (Adapted from **Figure 1**, Reference 20).](AJA-18-580-g001){#F1}

AR-V7 FUNCTION {#sec1-3}
==============

Jenster *et al*. first demonstrated constitutive AR signaling activity for AR deletion mutants that retain the NH2-terminal transactivating domain and DNA-binding domain, but lack the entire ligand-binding domain.[@ref30] Many of the AR-Vs are structurally similar to the deletion mutant described in the study, but differ in the short variant-specific peptide sequence at the COOH-terminal end.[@ref27] As such, all AR-Vs lacking the ligand-binding domain are expected to have the potential to mediate constitutively active AR activity. However, the AR-Vs differ in their nuclear localization efficiency, and their transcriptional activities may be cell-context specific.[@ref26] We have previously categorized AR-Vs into three different groups on the basis of their nuclear localization efficiencies and transcriptional activities in different cell lines:[@ref26][@ref27] constitutively active AR-Vs (e.g., AR-V7, ARv567ES), conditionally active AR-Vs (e.g., AR-V1, AR-V9), and inactive AR-Vs (e.g., AR-V13, AR-V14). For AR-V7, earlier studies have demonstrated, unequivocally, that its nuclear localization and genomic functions do not depend on the presence of the ligand or the full-length AR.[@ref24][@ref25][@ref26][@ref31][@ref32]

The transcriptional output of AR-V7 function has also been investigated in detail.[@ref24][@ref32] In our initial study, we observed that while forced AR-V7 expression can restore the expression of androgen-induced genes suppressed by androgen deprivation in LNCaP cells, many androgen-induced genes are not fully "rescued" by AR-V7.[@ref25] In addition, AR-V7 is capable of inducing a unique expression signature including genes involved in cell cycle progression.[@ref24]

It is well established that the growth rate of prostate cancer cells is not proportional to the strength of AR signaling. AR-positive prostate cancer cells demonstrate a biphasic pattern of cellular response under increasing concentration of androgens. In androgen-responsive prostate cancer cells, suppressed cell growth is expected when androgen levels are too high or too low. The optimal cell-growth stimulating concentration is at the medium range, but may vary according to AR levels. One interpretation for AR genomic function is that AR-V7 expression in mCRPC may confer an optimal growth condition by inducing the expression of a unique set of genes while maintaining a minimally essential AR signature. Indeed, AR-Vs, in general, were found to have weaker genomic activity than AR-FL.[@ref33] While further investigations are needed, this interpretation is supported by findings from clinical correlative studies. In these studies, AR-V7 expression is increased after AR-FL signaling is maximally suppressed,[@ref24][@ref34] and increased AR-V7 is associated with increased cell and tumor growth rate as well as worse clinical outcome in the context of weaker AR-FL signaling.[@ref24][@ref31][@ref35][@ref36]

Although AR-V7 is constitutively active and its activity does not require AR-FL, in clinical mCRPC specimens, AR-V7 was often found to co-exist with AR-FL, and the expression of AR-V7 is often less abundant than that of AR-FL.[@ref27] While AR-FL is known to form homodimers, whether AR-V7 function requires dimerization with AR-FL or itself remains controversial.[@ref37] Some studies have detected the dimerization of AR-V7 and AR-FL,[@ref38][@ref39][@ref40] suggesting that AR-V7 functions in mCRPC may be partly mediated by the dimer. If indeed AR-FL/AR-V7 heterodimerization is an essential step for AR-V7 function in certain cellular contexts, treatment with enzalutamide or other AR inhibitors may suppress AR-V7 function as observed in a cell line model.[@ref41] However, in other studies, AR-FL/AR-V7 heterodimer formation was not detected in prostate cancer cells expressing endogenous AR-V7.[@ref31][@ref42][@ref43] Due to the potential treatment implications for tumors expressing both AR-V7 and AR-FL, more studies are needed to further investigate the role of AR-FL/AR-V7 heterodimer formation. Thorough investigation in relevant cell line models followed by validation in clinical specimens may help address this important question.

DETECTION OF AR-V7 IN mCRPC {#sec1-4}
===========================

A number of methods have been used to detect AR-V7 in mCRPC specimens. These methods are summarized in **[Table 1](#T1){ref-type="table"}**. Because mature AR-V7 mRNA has a novel and unique splice junction between Exon 3 (E3) and cryptic exon 3 (CE3) within the canonical AR intron 3 sequence, it can be reliably detected and quantified by RT-PCR using primers that target the AR-V7-specific E3/CE3 junction. Samples suitable for RT-PCR analysis may include RNA extracted from flash frozen or FFPE surgical specimens, mCRPC biopsies, mCRPC autopsies, or freshly isolated circulating tumor cells (CTCs) from mCRPC patients. In our initial study reporting the discovery and characterization of AR-V7, its mRNA expression was found to be approximately 20-fold higher in mCRPC autopsies when compared with high-risk hormone naïve surgical prostate tumor specimens.[@ref25] In addition, higher levels of AR-V7 mRNA are generally accompanied by elevated expression of AR-FL, the expression of which is increased by about 10-fold in mCRPC patients.[@ref25] Because AR-FL and AR-V7 almost always coexist, and the abundance of AR-V7 is often substantially lower than that of AR-FL, a number of studies have measured their relative abundance by quantifying the ratio of AR-V7/AR-FL in different specimens, including primary tumors, mCRPC autopsies, mCRPC biopsies, and CTCs from mCRPC patients,[@ref25][@ref36][@ref41][@ref44][@ref45] using RT-PCR or RNA-Seq methods. In our study analyzing CTC cells isolated from mCRPC patients, the median ratio of AR-V7/AR-FL by RT-PCR was 21%.[@ref36] In addition, we have shown that AR-V7/AR-FL ratios in mCRPC patients undergoing treatment with abiraterone or enzalutamide may range from 12% to 25% by RNA-Seq in a few selected mCRPC autopsies.[@ref36] Other studies using mCRPC biopsies have estimated the ratio to be about 5%.[@ref45] However, the treatment histories associated with these biopsies were largely unknown. We have also previously reported the detection of AR-V7 in bulk tissue samples from primary prostate tumors as well as noncancerous prostate tissues by RT-PCR.[@ref25] Recently, a large-scale RNA-Seq study of primary prostate tumor confirmed the presence of AR-V7 in approximately 50% of specimens.[@ref44] However, comparisons of AR-V7 levels across the primary and mCRPC tumors were not made in these two large-scale RNA-Seq studies.[@ref44][@ref45] While more studies are needed to precisely quantify the relative AR-V7 and AR-FL levels in mCRPC, current data collectively suggest that AR-V7 levels in mCRPC may be roughly equivalent to AR-FL levels in untreated high-risk primary tumors, assuming a 10-fold increase of AR-FL and a 5%--20% ratio of AR-V7/AR-FL in mCRPC. Therefore, although AR-V7 is often expressed at a lower abundance relative to AR-FL, we do not consider AR-V7 to be a low-abundance transcript because robust detection can be readily achieved in mCRPC specimens.

###### 

Detection methods for AR-V7 in mCRPC

![](AJA-18-580-g002)

AR-V7 mRNA may also be detected by RNA *in situ* hybridization (RISH). RISH detection provides an added advantage by allowing visualization of AR-V7 transcripts in clinical specimens. *In situ* detection methods may also reveal differential expression in the tissue context and represent important tools with which to study AR expression heterogeneity. The feasibility of using RISH for the detection of AR-V7 has been demonstrated in both mCRPC biopsies and mCRPC autopsies.[@ref36][@ref46] Because probe design for RISH requires a cDNA sequence up to 800 bp in length, we used cryptic exon 3 (CE3) sequence as the surrogate for AR-V7. The use of CE3 for probe design will exclude the possibility of nonspecific detection of other AR molecules containing upstream Exons (e.g., Exons 2 and 3), but may result in the detection of nuclear AR-V7 pre-mRNA in addition to cytoplasmic mature AR-V7 transcript. Further improvement in the sensitivity of the RISH method may address this technical limitation and allow for *in situ* detection of splice junctions that are only present in the mature cytoplasmic AR-V7 transcript.

The vast majority of the AR-Vs contain premature stop codons that have the potential to induce mRNA degradation through the nonsense-mediated decay (NMD) mechanism.[@ref47] It is therefore critical to demonstrate the expression of the corresponding translated product (i.e., protein) in an endogenous setting in order to determine the functional relevance. AR-V7 remains the only AR-V for which a protein product can be consistently detected in clinical specimens by both Western blot and immunohistochemical (IHC) methods. Using an AR-V7-specific mouse monoclonal antibody, the approximately 75--80 kD AR-V7 band can be reliably detected using Western blot in both prostate cancer cell lines and CRPC tissue specimens known to have elevated AR-V7 mRNA expression.[@ref24][@ref25][@ref26][@ref36] The antibody has also been used for AR-V7 detection by immunofluorescence and by IHC. Within CRPC tissue specimens, predominantly, nuclear AR-V7 signal was detected in tumor cells but not in normal or stromal tissues by IHC.[@ref24] Different AR-V7-specific antibodies for IHC studies have been reported in the literature.[@ref24][@ref31][@ref46] Although these studies showed some promise, a common limitation with AR-V7 IHC is that the detection methods may not be a robust enough due to suboptimal detection sensitivity/specificity. The N-C subtraction method, employing antibodies recognizing AR-NTD and AR-LBD, has been used as an alternative approach to estimate the presence and abundance of LBD-truncated AR variants.[@ref48] More aggressive CRPC tumors were found to have higher ratios of AR-NTD/AR-LBD.[@ref48] Although the findings are consistent with the role of AR-Vs in CRPC, more studies are warranted to confirm the analytical validity of this approach and to determine whether the excess AR-NTD detected in CRPC specimens can be attributed to the expression of AR-Vs.

NONINVASIVE AR-V7 DETECTION IN CTCS {#sec1-5}
===================================

Using the commercially available AdnaTest[@ref36][@ref49] CTC isolation platform, we have developed standard operating procedures for a test detecting AR-FL and AR-V7 mRNA, and performed extensive internal validation and quality control studies to determine its robustness to detect AR-FL/AR-V7 in blood samples. In AdnaTest, CTCs in 5 ml of blood are captured by magnetic beads coated with an optimized antibody combination, and RT-PCR is performed for the detection of mRNA markers of prostate tumor cells for a positive or negative CTC detection call. The CTC-positive samples are examined for the expression of AR-FL and AR-V7 using quantitative RT-PCR designed for specific detection of AR-FL and AR-V7.[@ref24][@ref36] This laboratory-developed, RNA-based CTC AR-FL/AR-V7 test has been thoroughly evaluated and internally validated with standard quality control measures implemented. Samples collected from healthy volunteers and CTC-negative mCRPC patients were negative for AR-FL and AR-V7, excluding the possibility of false-positive detection, and confirming that contaminating leukocytes do not contribute to the AR-FL or AR-V7 signals. The test also consistently detected both AR-FL and AR-V7 in blood samples spiked with 5 LNCaP95 cells (positive for both AR-FL and AR-V7).

We have utilized this assay to test CTC-positive blood samples from prospectively enrolled patients with metastatic CRPC initiating standard-of-care treatment with either enzalutamide or abiraterone.[@ref36] In this study, we examined associations between baseline (i.e., prior to initiation of the therapies) AR-V7 detection status and treatment outcome measured by PSA response rates as well as clinical/radiographic-progression. This pilot study enrolled a total of 71 patients, 62 of which had detectable CTC and were evaluated for both AR-FL and AR-V7. Among the 62 patients, 31 were treated with enzalutamide and another 31 were treated with abiraterone. In the enzalutamide-treated group, 12 men (38.7%) were AR-V7-positive at baseline. These AR-V7-positive patients had substantially inferior PSA response rates (0% *vs* 52.6%) and shorter progression-free survival rates (PFS) (median: 2.1 *vs* 6.1 months) when compared to the 19 men who were AR-V7-negative. In the abiraterone group, 6 men (19.4%) were determined to be AR-V7-positive at baseline. Similarly, the AR-V7-positive patients treated with abiraterone had inferior PSA response rates (0% *vs* 68.0%) and shorter PFS (median: 2.3 months *vs* not reached). Importantly, significant associations were maintained after adjusting for clinical variables including prior treatments as well as expression of AR-FL. On the basis of this preliminary finding, we propose that AR-V7 may be developed as a predictive marker for treatment selection in mCRPC patients receiving abiraterone and enzalutamide. Additional prospective studies are currently ongoing to evaluate the clinical utility of this blood-based predictive biomarker.

To determine whether AR-V7 is also a relevant marker in mCRPC treated with taxane chemotherapies, we performed a second prospective study[@ref50] evaluating the association between AR-V7 detection at baseline and treatment outcome. In this study, we enrolled a total of 43 mCRPC patients, 37 of which had detectable CTC and were evaluated for both AR-FL and AR-V7. Most of these 37 patients beginning treatment with docetaxel (*n* = 30) or cabazitaxel (*n* = 7) had previously received abiraterone and/or enzalutamide. Interestingly, PSA responses and progression-free survival rates were not significantly different between AR-V7-positive (*n* = 17) and AR-V7-negative patients (*n* = 20) (41% *vs* 65%). Combining data from the 62 abiraterone- and enzalutamide-treated patients, we evaluated the treatment outcome by treatment type in AR-V7-positive and AR-V7-negative patients.[@ref50] In AR-V7-positive mCRPC patients, PSA response rates were higher, and progression-free survival was longer in taxane-treated men compared to enzalutamide- or abiraterone-treated men (41% *vs* 0%), while in AR-V7-negative mCRPC patients, these outcome measures did not appear to differ by treatment type. These findings are preliminary due to the study\'s small sample size. If confirmed, however, the data support the clinical utility of an AR-V7 blood test for treatment selection in mCRPC patients. Findings from a few smaller studies published recently[@ref51][@ref52] are indeed in line with our findings.[@ref36][@ref50]

AR-V7 BEFORE AND AFTER TREATMENT {#sec1-6}
================================

In both studies evaluating the clinical utility of CTC AR-V7 detection in mCRPC patients,[@ref36][@ref50] all AR-V7-positive samples were also concurrently positive for AR-FL. In addition, consistent with tissue-based studies, AR-FL demonstrated greater abundance in the majority of the samples. In men with detectable AR-V7 at baseline before treatment with abiraterone or enzalutamide (*n* = 18), the median AR-V7/AR-FL ratio was 21.0%.[@ref36] In men with detectable AR-V7 at baseline before treatment with taxane chemotherapies (*n* = 17), the median AR-V7/AR-FL ratio was 22.9%.[@ref50] These ratio values are higher than the 1%--2% ratio reported in previous studies of CRPC tumors collected before abiraterone and enzalutamide were used in the clinic,[@ref25][@ref41] and the 5%--6% ratio was reported in a recent RNA-Seq study of mCRPC patients for whom the treatment history was largely not known.[@ref45] Among the 18 AR-V7-positive men evaluated in the abiraterone/enzalutamide study,[@ref36] 16 patients had ≥1 follow-up sample collected during the course of treatment for further analysis. All 16 samples remained AR-V7-positive during treatment with enzalutamide or abiraterone, and the AR-V7/AR-FL ratio was not further increased. Among the 42 patients who were negative for AR-V7 at baseline, but had ≥1 additional follow-up sample for evaluation, six patients (four on enzalutamide and two on abiraterone) subsequently "converted" to AR-V7-positive during the course of treatment with enzalutamide or abiraterone. Clinical outcomes of patients who "converted" from AR-V7-negative to AR-V7-positive were intermediate between those who remained AR-V7-negative during treatment and those who were AR-V7-positive at baseline.[@ref36] Among the 17 patients with positive AR-V7 at baseline before treatment with taxane chemotherapies,[@ref50] 12 patients had ≥1 follow-up sample collected during the course of treatment for further analysis. Among these 12 patients, 7 (58%) converted to AR-V7-positive to negative status during treatment with chemotherapy.[@ref50] These results suggest that the predictive values of AR-V7 may be specific to AR-targeting therapies, and a transition in AR-V7 status may re-sensitize such patients to further AR-directed therapies.[@ref53]

CLINICAL IMPLICATIONS {#sec1-7}
=====================

There are currently six treatment options available to mCRPC patients.[@ref54] In addition to the AR-targeting abiraterone and enzalutamide, docetaxel[@ref55] and cabazitaxel[@ref56] (two taxane-based chemotherapies), sipuleucel-T[@ref57] (immunotherapy), and radium-223[@ref58] (radiopharmaceutical) have all resulted in survival improvement for men with mCRPC. Although multiple prognostic markers have been identified,[@ref59] no biomarker is available for treatment selection, making it impossible to select for or against particular therapies. Therefore, there is an unmet need to develop treatment selection markers to predict or indicate therapeutic benefit before mCRPC therapies are given. In addition, because mCRPC patients are often treated sequentially, serial measurements of a selection marker may help determine optimal sequencing of the various therapies, either as single agent or in combination with others. Serial testing of a biomarker will mandate a noninvasive approach since it is not practical to perform serial metastatic biopsies, an invasive procedure, in routine clinical practice. In a recent study,[@ref53] we have shown the feasibility of conducting serial AR-V7 measurements (*n* = 70) in the setting of patients (*n* = 14) with mCRPC undergoing multiple sequential therapies (total of 37 therapies). Finally, clinical trials seeking to develop new agents for prostate cancer or to expand the indications of approved therapies may benefit from a biomarker-driven or biomarker-stratified design, in which biomarker testing results are used for patient recruitment and/or randomization. Although our findings from pilot prospective studies suggest an unprecedented opportunity to develop AR-V7 as a treatment selection marker in both standard-of-care and clinical trial settings, more studies of larger sample size are needed to further evaluate the clinical utility. Many such trials are currently ongoing.

CONCLUSIONS {#sec1-8}
===========

Recent studies focusing on the detection of AR-V7 and its association with treatment outcome have generated promising data supporting further development of AR-V7 as a treatment selection marker in contemporary treatment settings for mCRPC patients. These studies are possible following the discovery that AR-V7 can be reliably measured in CTCs from mCRPC patients. However, we acknowledge that current data are still considered preliminary mainly due to small sample sizes, and the potential utility may be limited by the requirement for detectable CTCs. Expanded, cross-institutional studies designed to further validate AR-V7 as a treatment selection marker is ongoing, and future studies using specimens other than CTCs, including metastatic biopsies or liquid biopsies (e.g., whole-blood RNA), may be explored. Going forward, it remains critical to consider a testing platform that is compatible with noninvasive serial sampling due to the need to conduct successive testing in mCRPC patients undergoing sequential treatments. Finally, many other molecular alterations in addition to AR-V7 may also have the potential to mediate drug resistance. It is possible to improve treatment outcome prediction by combining the different markers.
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